Abstract Redox/cysteine modification of proteins that regulate calcium cycling can affect contraction in striated muscles. Understanding the nature of these modifications would present the possibility of enhancing cardiac function through reversible cysteine modification of proteins, with potential therapeutic value in heart failure with diastolic dysfunction. Both heart failure and muscular dystrophy are characterized by abnormal redox balance and nitrosative stress. Recent evidence supports the synergistic role of oxidative stress and inflammation in the progression of heart failure with preserved ejection fraction, in concert with endothelial dysfunction and impaired nitric oxide-cyclic guanosine monophosphate-protein kinase G signalling via modification of the giant protein titin. Although antioxidant therapeutics in heart failure with diastolic dysfunction have no marked beneficial effects on the outcome of patients, it, however, remains critical to the understanding of the complex interactions of oxidative/nitrosative stress with pro-inflammatory mechanisms, metabolic dysfunction, and the redox modification of proteins characteristic of heart failure. These may highlight novel approaches to therapeutic strategies for heart failure with diastolic dysfunction. In this review, we provide an overview of oxidative stress and its effects on pathophysiological pathways. We describe the molecular mechanisms driving oxidative modification of proteins and subsequent effects on contractile function, and, finally, we discuss potential therapeutic opportunities for heart failure with diastolic dysfunction.
Introduction
High myocardial diastolic stiffness is a common abnormality of diastolic function and a prominent feature of the abnormal diastolic left ventricle (LV) function. Diastolic dysfunction is defined as the inability to fill the ventricle to an adequate preload volume (end-diastolic volume; EDV) at acceptably low pressures. Diastolic abnormalities are mainly observed in heart failure (HF) with preserved ejection fraction (EF) (HFpEF) patients (Paulus 2010; Borlaug and Paulus 2011) . HFpEF leads to a complex remodelling of cardiomyocyte structure and function, in addition to remodelling of the nonmyocyte compartment. HFpEF is of major clinical importance, accounting for more than 50 % of all cases of heart failure in Western societies, and is accompanied by high levels of morbidity and mortality (Borbély et al. 2009a ).
Diastolic function is often conceptualized as the totality of an active process that comprises mid-ventricular ejection, pressure decline to early filling (Leite-Moreira 2006) , which relates to myofilament dissociation and calcium re-uptake, and to the 'passive' properties of the myocardial wall, including sarcomere stiffness, extracellular matrix alterations, chamber geometry and the pericardium (Borlaug and Kass 2006) . Notably, HFpEF patients are characterized by changes in several of these determinants, including disturbed calcium (Ca   2+   ) handling, abnormal relaxation and ventricular filling, LV hypertrophy with concentric remodelling and increased deposition of extracellular matrix constituents (Paulus 2010; Borlaug and Paulus 2011) . Activation of the neurohormonal milieu, including the renin-angiotensin-aldosterone system and the sympathetic nervous system, is common in HF with and without preserved LVEF (Paulus 2010; Borlaug and Paulus 2011) . Altogether, these alterations change the time course of ventricular filling and shift the LV diastolic pressure-volume relationship upwards and to the left, indicative of reduced chamber distensibility and compliance, associated with greater than normal filling pressures (high chamber stiffness). By contrast, HF patients with reduced EF (HFrEF) exhibit a diastolic pressure-volume relationship that is displaced to the right (decreased chamber stiffness) (Borlaug and Kass 2011) (Fig. 1) .
Structural elements contributing to myocardial passive stiffness
Over the last decade, studies using isolated skinned cardiomyocytes from HFpEF patients and HFpEF animal models consistently showed a high sarcomere stiffness (Borbély et al. 2005; Hamdani et al. 2009 Hamdani et al. , 2013a Hamdani et al. , 2014 Hamdani and Paulus 2011; Linke and Hamdani 2014) . The technique of cellular membrane removal used in these studies abolished the effect of Ca 2+ handling on passive stiffness, allowing the role of the giant myofilament protein titin in passive stiffness to be demonstrated (Borbély et al. 2009b; Bishu et al. 2011; Hamdani et al. 2013a Hamdani et al. , 2014 Linke and Hamdani 2014) . Titin functions as a bidirectional spring, exhibiting a stiffness constant that can be tuned by either isoform switching or post-translational modifications Linke and Krüger 2010) .
HFpEF is associated with serious metabolic co-morbidities. These include obesity, overweight, diabetes mellitus, hypertension, chronic obstructive pulmonary disease, anaemia and chronic kidney disease (Paulus and Tschöpe 2013) . In specific, obesity deserves special attention because it induces a systemic proinflammatory state that leads to the production of reactive oxygen species (ROS) by the coronary microvasculature (endothelial cells). This limits nitric oxide (NO) bioavailability (Paulus and Tschöpe 2013) and reduces cGMP concentrations (van Heerebeek et al. 2012; Hamdani et al. 2013a Hamdani et al. , 2014 . Indeed, HFpEF is linked to high myocardial nitrosative/oxidative stress and low intercellular cyclic guanosine monophosphate (cGMP) concentrations (van Heerebeek et al. 2012) . The latter lowers protein kinase G (PKG) activity, prominently affecting cardiomyocyte stiffness and inducing titin hypophosphorylation (Fig. 3) . Considerable evidence supports the direct modification of titin by oxidative stress, either through phosphorylation by cGMP-PKG, the promotion of disulfide bridge formation within the cardiac titin N2-Bus or by oxidation of Ig-domains Alegre-Cebollada et al. 2014; Linke and Hamdani 2014) . These modifications lead to either increased and/or reduced cardiomyocyte stiffness and thereby modulate diastolic LV stiffness.
Despite the fact the underlying mechanisms are still obscure, oxidative stress appears to be an additional important modifier of cardiac passive stiffness. Over the last decade, studies have described a range of proteins that are modified by oxidative stress with a high incidence found on the proteins of the contractile machinery.
The contribution of oxidative stress to heart failure, diastolic stiffness and muscular dystrophies Cardiac contraction is dynamically regulated on a beat-to-beat basis to accommodate changes in haemodynamic load and to respond to neurohumeral stresses. Control is predominantly signal-regulated via various post-translational modifications, and recently signalling by ROS has emerged as a major physiological control mechanism (Beckendorf and Linke 2015) . Fig. 1 Pressure-volume loop characteristics in heart failure with reduced ejection fraction (green) (a) and heart failure with preserved ejection fraction (red) (b) . Curved arrow depicts the steeper end-systolic pressurevolume relationship in heart failure with preserved ejection fraction compared with heart failure with reduced ejection fraction Striated muscle is subjected to oxidative stress and evidence now suggests that oxidative stress also modulates contractile function in cardiac and skeletal muscle. Redox modifications of proteins are known to result in functionally important changes in protein structure, stability, interactivity, and activity (Haycock et al. 1996; Posterino and Lamb 1996; Gao et al. 1996; Disatnik et al. 1998; Duncan et al. 2005; Dai et al. 2007; Sanchez et al. 2008; Ullrich et al. 2009; Canton et al. 2014 ). However, due to the limited data available and the fact that most studies have focused mainly on post-translational modifications of single purified contractile proteins, our understanding of the redox-dependent mechanisms that control contraction-relaxation in the intact heart remains poor.
Over the last decade various studies have shown the importance of oxidative/nitrosative stress on the protein modifications (i.e., disulfide bridges, S-glutathionylation, Snitrosylation and tyrosine nitration and chlorination) involved in excitation-contraction (E-C) coupling and myocyte contraction (Fig. 2) . Oxidative stress, defined as the imbalance in excess production but deficient ROS degradation plays an important role in the pathophysiology of cardiac remodelling and development of HF. Oxidative stress can result in direct chemical oxidation of proteins, leading to changes in their structure, function and activity. In addition, it induces subtle changes in intracellular pathways and redox signalling that cause cellular dysfunction and damage (Haycock et al. 1996; Disatnik et al. 1998; Duncan et al. 2005; Dai et al. 2007; Canton et al. 2014) (Fig. 3) .
Experimental and clinical studies have reported excess production of ROS in HF (Belch et al. 1991; Hill and Singal 1996; Mallat et al. 1998) , myocardial ischemia/reperfusion injury (Canton et al. 2004 ) and in various muscular dystrophies, such as Duchenne muscular dystrophy (Haycock et al. 1996; Disatnik et al. 1998; Canton et al. 2014 ) and dysferlinopathy (Terrill et al. 2013) . Several antioxidants are known to ameliorate the progress of HF (Takimoto and Kass 2007) , and chronic inhibition of xanthine oxidase (XO) has been shown to preserve cardiac function in a transgenic mouse (Duncan et al. 2005) . Donors of nitroxyl, the reduced congener of NO, were also able to increase force development in intact rat trabeculae (Dai et al. 2007) .
In cardiomyocytes, ROS/NOS are typically generated by several intracellular sources including mitochondria, nitric oxide synthases (NO synthase), XO, NADPH oxidase (NOX), NO synthase and cytochrome p450 (Cline and Lehrer 1969; Nishino 1994; Ji 2007; Zangar et al. 2004; Sumimoto et al. 2005; Kim et al. 2008; Nishino et al. 2008) (Fig. 3) . Apart from resident cardiac cells, infiltrated leukocytes account for a large portion of ROS and reactive nitrogen species (RNS) in myocardial tissues via production of superoxide (O 2
•-
) and release of pro-oxidant enzyme systems like leukocytederived enzyme myeloperoxidase (MPO). Under physiological conditions, tissue oxidative balance is maintained by utilizing an antioxidant defence system that removes harmful reactive oxygen/nitrogen species (ROS/NOS). The protective mechanisms that oppose ROS-mediated damage in cells include enzymatic pathways, such as the well-characterised catalases and glutathione peroxidase, superoxide dismutases (SODs) and thioredoxin. In addition, a variety of antioxidant molecules, including vitamins A, C, E, glutathione and SH groups of intracellular proteins, constitute an antioxidant buffer (Rahman 2007 (Rahman 2007) (Fig. 2) . Diminished capacity of NO synthase to generate NO has been demonstrated (Salvolini et al. 1999; Wong et al. 2010) to be accompanied by increased oxidative stress during diabetic vascular dysfunction (Giugliano et al. 1996) . The likely mechanism is via O 2
•-which reacts with NO, resulting in formation of peroxynitrite. Peroxynitrite then oxidizes the eNO synthase cofactor, tetrahydrobiopterin (BH4), to dihydrobiopterin (BH2), leading to eNO synthase uncoupling and thus producing O 2
•-instead of NO (Fig. 3) . This mechanism in turn results in a decrease in eNO synthase expression and activity in endothelial cells (Cosentino et al. 1997; Srinivasan et al. 2004) .
In the present review, we focus exclusively on the role of oxidative stress in the modification of the properties and functions of several proteins and consequent effects on diastolic stiffness. Beginning with an overview of the most prominent modulators of diastolic stiffness, we then touch on how oxidative stress can effect these modulators. This is followed by an overview of oxidative modifications of several proteins. Finally, we discuss recent evidence describing oxidative modifications of the giant elastic titin filament in cardiac and skeletal myocytes and how these modifications may interfere with and link to heat shock proteins (HSPs). An overarching theme is the importance of oxidative modification in modulating diastolic stiffness and how modifications can be targeted as therapeutic options in HF, co-morbidities and diastolic stiffness abnormalities.
Reactive oxygen species-responsive protein modification and its intracellular delivery ROS-induced changes on proteins vary from protein fragmentation to various post-translational modifications. Free radicalinduced oxidative modifications of proteins can alter their functional or structural properties (Bolli and Marbán 1999; Kloner and Jennings 2001a, b; Tiago et al. 2006; Solaro 2007; Murphy et al. 2008; Hertelendi et al. 2008; Ding et al. 2011; Gao et al. 2012; Alegre-Cebollada et al. 2014) . These modifications modulate muscle force production and regulate passive stiffness in vitro (Bolli and Marbán 1999; Kloner and Jennings 2001a, b; Tiago et al. 2006; Solaro 2007; Murphy et al. 2008; Hertelendi et al. 2008; Ding et al. 2011; Gao et al. 2012; Alegre-Cebollada et al. 2014) . Protein oxidation generally occurs at the reactive thio-moieties of cysteine residues (or to a lesser extent methionine), which can be modified through either reversible or irreversible oxidative states (Fig. 2) , depending on the nature of ROS and the level of oxidants (Eaton 2006; Thomas and Mallis 2001) . The reaction between the cysteine thiolate anion and H 2 O 2 results in the formation of sulfenic acid, which reacts with other thiol groups to form strong disulfide bonds (Sanchez et al. 2008) (Fig. 2) . Depending on the available conditions, sulfenics can participate in a variety of reactions. Sulfenics can be further oxidized to sulfinic and sulfonic acids (Sanchez et al. 2008) (Fig. 2) . In addition, when levels of oxidized gluthathione (GSSG) are adequate, thiolates can be directly glutathionylated (Fig. 2) through the formation of a mixed disulfide between a protein and glutathione. Although the mechanism by which S-glutathionylation regulates protein function is not fully elucidated, recent evidence shows that S-glutathionylation of proteins prevents irreversible oxidation, but also plays a crucial role in cell signalling processes (DalleDonne et al. 2007 ). Moreover, S-glutathionylation and disulfide bridges can directly impair cardiac function by modifying proteins involved in EC coupling and contractile function, resulting in changes to myocyte contraction, myoplasmic Ca 2+ levels and passive stiffness . Thiolates can also be nitrosylated in the presence of peroxynitrite or NO. (Reid 2001; Dröge 2002; Smith and Reid 2006) (Fig. 2) . In summary, the most prevalent reversible cysteine modifications include disulfide bridges, nitrosylation, and sulfenylation (Sanchez et al. 2008) . Understanding the influences of oxidative/nitrosative stress on diastolic stiffness is a central objective in attempts to unravel the origin of diastolic dysfunction in HFpEF under 'radical' conditions.
The impact of oxidative stress on collagen and cardiomyocyte-based stiffness Impact of oxidative stress on collagen stiffness High diastolic stiffness of the LV plays an important role in minimizing chamber dilatation and the response to increased filling with increased ejection. However, the basic mechanisms underlying increased diastolic stiffness appear to be diverse and dependent on both the causes of disease and specific phenotypes. In HFrEF with diabetes mellitus, increased advanced glycation end (AGE) products and collagen volume fraction appear to play an important role in LV stiffness, whereas increased cardiomyocyte stiffness seems to be more central and significant for LV stiffness in HFpEF patients (van Heerebeek et al. 2008) . Evidence indicates the important roles of increased amounts of collagen tissue, the extent of collagen type I and coronary peripheral carboxy-terminal propeptide of procollagen type I in hypertensive patients compared to normotensive patients (Querejeta et al. 2004) . Increased collagen synthesis has been observed in HFpEF patients with hypertension without changes in collagen degradation (González et al. 2010a ). In concert with increased collagen levels, HFpEF patients with hypertension show an increase in the expression level of a profibrotic growth factor (transforming growth factor β) produced by the accumulated intracardiac inflammatory cells (Westermann et al. 2011) . This points to a direct influence of inflammation on myocardial collagen/ fibrosis, leading to a triggering of diastolic dysfunction.
The degradation of collagen is regulated by matrix metalloproteinases (MMPs) and enhanced degradation may alter LV remodelling. These cellular events are clearly involved in the development and progression of maladaptive myocardial remodelling and failure (Paulus 2010; Paulus and Tschöpe 2013) . The quantity and quality of myocardial collagen is determined by the balance between synthesis and degradation. Synthesis is regulated at both the transcriptional and post-translational levels, while degradation is mediated by MMPs, and its tissue inhibitor (TIPM) (González et al. 2010a ). Both MMPs and MPO are released into the extracellular space to propagate inflammatory disorders during neutrophil activation and degranulation. MPO is in addition involved in oxidizing classical peroxidise substrates to radical intermidiates, which converts chloride to hypochlorous acid (MacFarlane and Miller 1994) . Hypochlorous acid is a major strong oxidant produced by neutrophils and which might be used as oxidant activity biomarker of neutrophils and MPO-containing cells.
Oxidative stress via ROS-mediation has been implicated in the regulation of MMP activity, (Siwik et al. 2001) . ROS are also known to mediate collagen metabolism in a variety of non-cardiac and cardiac cell types including cardiac fibroblasts, both via synthesis and through the activity of degradative enzymes (Siwik et al. 2001) . Failing hearts show increases in ROS production that could be the result of mechanical strain, the stimulation of factors such as angiotensin or inflammatory cytokines, and decreases in the activity of mitochondrial electron transport and/or decreases in antioxidant systems (e.g. SOD and glutathione peroxidase).This may suggest a new model in which cellular and molecular processes in HFpEF are influenced by a proinflammatory state induced by multiple comorbidities, such as obesity, hypertension, diabetes mellitus, chronic obstructive pulmonary disease and anaemia. Aortic stenosis patients with diabetes mellitus, a frequent pathology in older patients, increases LV afterload and exhibits reduced LV distensibility compared to aortic stenosis patients without diabetes mellitus, indicating that disease complicated with comorbidities may result in more severe diastolic dysfunction (Paulus 2010; Paulus and Tschöpe 2013) . Aortic stenosis with diabetes mellitus is associated with incre ased c ollagen volume fraction, increa sed intramyocardial vascular advanced glycation end product deposition, and high cardiomyocyte stiffness, in addition to titin hypophosphorylation (Falcão-Pires et al. 2011; Borbély et al. 2005; van Heerebeek et al. 2006 van Heerebeek et al. , 2008 Hamdani and Paulus 2011; Hamdani et al. 2013a Hamdani et al. , b, 2014 .
Impact of oxidative stress on cardiomyocyte stiffness Sarcomeric proteins: thin and thick filaments
The modulation of heart contractility through oxidative stress directly involves the contractile machinery, including thin, thick and elastic filament proteins. The thin filaments are composed of three different types of proteins: actin, tropomyosin, and troponin, together termed the 'regulatory protein complex'. Cardiac troponin is a three-protein complex with several distinct functions. Troponin I binds tightly to tropomyosin and together they block myosin binding sites on actin molecules. When Ca 2+ binds to troponin C, a conformational change takes place in the troponin complex that causes troponin I to shift from the myosin binding site on actin, thereby allowing access to the myosin head. When Ca 2+ is removed, the troponin complex resumes its inactivated position, thereby inhibiting myosin-actin binding. Troponin T maintains the interaction with tropomyosin and mediates allosteric effects within the thin filament that influence Ca 2+ sensitivity. Many of these proteins undergo oxidation in vivo as a consequence of normal aerobic cellular processes.
During cardiac stunning, ROS depress contractile performance and alter Ca 2+ -sensitivity of force production (Bolli and Marbán 1999, Kloner and Jennings 2001a, b) . Similarly, an increased Ca 2+ sensitivity due to S-glutathionylation of troponin I at Cys133 has been demonstrated in rat and human fast-twitch muscle, although this modification did not affect maximal force (Mollica et al. 2012) . The S-glutathionylation of troponin I seems to have an influence on the movement of troponin I towards the troponin C bound state, resulting in interaction between troponin I and troponin C at lower Ca 2+ levels (Horwitz et al. 1979; Hincke et al. 1979; Chong and Hodges 1982; Aihara et al. 2010; Mollica et al. 2012) . The SH groups of troponin subunits, in a reduced state, have been shown to play an important role in producing and maintaining the troponin complex. Oxidized troponin has only a minor effect on the Ca 2+ -sensitivity of actomyosin ATPase, which is reversible upon dithiothreitol administration. As a consequence oxidized troponin I does not bind to troponin T (Horwitz et al. 1979; Hincke et al. 1979; Chong and Hodges 1982; Aihara et al. 2010) . Although troponin I harbours several cysteine residues, some of these cysteines are insensitive to Ca 2+ -induced conformational changes in native troponin I (Chong and Hodges 1981) . Therefore, the impaired contractility could, in part, be unrelated to reduced Ca 2+ concentrations but might instead be due to the oxidation of amino acids in myofilament proteins (Gao et al. 1995; Gao et al. 1996; Andrade et al. 1998 Andrade et al. , 2001 Lamb and Westerblad 2011) . In spite of suggestions that SH oxidation of tropomyosin and/or actin in combination with myosin light chain1 (MLC1) (Hertelendi et al. 2008 ) are potential mediators of oxidative myocardial contractile depression, it is currently difficult to clearly state that oxidation of myofilament proteins causes cardiac dysfunction, since studies have reported equivocal effects in different muscle types and even within a single muscle type. The role of oxidation of myofilament proteins in cardiac dysfunction in the heart is currently confused, as decreased Ca 2+ sensitivity has been reported (Posterino and Lamb 1996; Lamb and Posterino 2003; Hertelendi et al. 2008 ) while others reported no changes or even increases in Ca 2+ sensitivity (MacFarlane and Miller 1992; MacFarlane and Miller 1994) . Interestingly, slow twitch muscle differed from fast twitch muscle in relation to the addition of cysteine oxidants during muscle contraction (Lamb et al. 1995; Lamb and Posterino 2003) , suggesting that oxidative responses may be dependent on positions and differences between cysteines in fast and slow skeletal muscle. The distinct effects of oxidation may also depend on the contractile state in which cysteines are exposed to oxidants (Lamb and Posterino 2003; Murphy et al. 2008; Dutka et al. 2011) .
Although the overall biology of oxidative protein modifications remains complex and poorly defined, protein carbonylation is fairly well-characterised (Dukan et al. 2000; DalleDonne et al. 2003b; Coirault et al. 2007; Shao et al. 2010; Canton et al. 2011; Ballesteros et al. 2001) . Carbonylation is an irreversible, non-enzymatic protein modification, and carbonyl groups are introduced into proteins via a variety of oxidative pathways. ROS can yield highly reactive carbonyl derivatives resulting from the cleavage of peptide bonds by α-amidation, by oxidation of glutamyl residues, or alternatively, through direct oxidation of the Lys, Arg, Pro, and Thr side chains (Dukan et al. 2000; Dalle-Donne et al. 2003b; Coirault et al. 2007; Shao et al. 2010; Canton et al. 2011; Ballesteros et al. 2001) . Oxidation can act directly on the carbonyl group, introducing it into proteins by adduction of reactive aldehydes. A final mechanism is the generation of carbonyl groups through the secondary reaction of the primary amino group of Lys residues with reactive carbonyl derivatives (ketoamines, ketoaldehydes, deoxyosones), produced by the reaction of reducing sugars or their oxidation products with lysine residues of proteins (glycation/glycoxidation reactions), eventually leading to the formation of advanced glycation end-products (AGEs).
Several other sarcomeric proteins including myosin, actin and tropomyosin also contain a variety of cysteines that are modified by ROS in specific pathophysiological states (Aksenov et al. 2001; Eaton et al. 2002; Fratelli et al. 2002; Canton et al. 2004 Canton et al. , 2006 Fiaschi et al. 2006; Passarelli et al. 2010) . However, it has not been fully elucidated which cysteines are involved and how their function is altered. Interestingly, the level of tropomyosin oxidation inversely correlates with contractile function in post-ischaemic porcine hearts (Canton et al. 2006) , suggesting that oxidation of myofilament proteins are, at least in part, responsible for myocardial dysfunction. Nevertheless, oxidative modifications are not necessarily involved in impaired cardiac function. Cardiac muscles superfused with nitroxyl (a reactive nitrogen species that displays many unique biochemical and pharmacological features) showed increased force production, perhaps through sensitization of the myofilaments to Ca 2+ (Solaro 2007; Ding et al. 2011; Gao et al. 2012) . Nitroxyl reacts with the thiol groups on cysteines, forming either a sulfonamide or a disulfide bond when an extra free thiol is present (Dai et al. 2007; Solaro 2007; Ding et al. 2011; Gao et al. 2012) . Treatment of isolated rat myofibrils with nitroxyl induced the formation of covalent bonds or a reversible disulfide bond by targeting specific cysteine residues (negatively charged or thiolates) (Dai et al. 2007; Solaro 2007; Ding et al. 2011; Gao et al. 2012) . Nitroxyl was also shown to enhance SR Ca 2+ uptake and release via cysteine modifications of sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA), phospholamban (PLB) and ryanodine receptor (RyR), and to increase myofilament Ca 2+ responses and contractility in cardiomyocytes (Gao et al. 2012) . Although nitroxyl is related to NO, its effects on the heart are independent of cAMP or cGMP. In addition, carbonylation and S-nitrosylation of actin and tropomyosin are correlated with contractile dysfunction and with decrease LV ejection fraction (Canton et al. 2011). Furthermore, Cys 190 oxidation of tropomyosin dimers have been found in microembolized dog/pig hearts (Canton et al. 2006) , in mice after myocardial infarction (Avner et al. 2012 ) and in failing rat hearts (Heusch et al. 2010) .
Amongst all myofibrillar proteins, actin is a major target of oxidative modifications, and the S-glutathionylation of Cys 374 has been found even under non-stress conditions (DalleDonne et al. 2003a ). The S-glutathionylation of actin is increased after post-ischemic reperfusion and causes decreased actin-tropomyosin interactions (Canton et al. 2004; Chen and Ogut 2006) . Furthermore, S-glutathionylation of actin limits polymerization of globular (G)-actin to filament (F)-actin (Wang et al. 2001; Dalle-Donne et al. 2003a) . Noteworthy, the deglutathionylation of G-actin leads to a six-fold increase in the rate of polymerization (Wang et al. 2001) , indicating the importance of reversible glutathionylation for sarcomere assembly. Additionally, actin glutathionylation was demonstrated to reduce actomyosin ATPase activity via the substitution of glutathionylated F-actin for unmodified F-actin (Pizarro and Ogut 2009) .
Cardiac myosin is the key protein in the contractile apparatus of the heart and its interaction with actin is responsible for the ability of the heart muscle to generate force and correspondingly to shorten the beat. In skeletal muscle, the myosin is a hexameric polypeptide consisting of two myosin heavy chain (MHC) and four myosin light chain (MLC) subunits. Each heavy chain extends into one of the paired heads where, together with the light chains, forms a cross-bridge that allows muscle contraction. The myosin ATPase activity is the driving enzyme of the cross-cycle and was shown to be modified upon S-glutathionylation at different MHC sites (Passarelli et al. 2008) . Indeed, oxidation of two cysteines near the catalytic centre of the subfragment 1 (S1)-domain in MHC (Cys  697 and  Cys   707 ) results in a strong inhibition of S1-ATPase activity and reduces maximal force (Tiago et al. 2006) . Elevated levels of glucose adducts (glycosylation) have been found on the MHC in post-mortem hearts of diabetic patients, and carbonylation of MHC as a result of reactive carbonyl species (RCS) has been consistently found in rat hearts during diabetes (Shao et al. 2010) . These modifications limit contractility by reducing myofilament force generating during diabetes (Shao et al. 2010) . In addition, an enhanced level of skeletal MHC carbonylation was reported to be associated with a reduced myosin sliding velocity in in vitro motility studies. Aminoguanidine (Ag) treatment (which inhibits ROS formation (Coirault et al. 2007 )) consistently blunted the formation of carbonyl adducts on MHC domains, and decreased myosinATPase activity, the extent of myocyte shortening, but did not alter MHC composition (Shao et al. 2010) .
Nitroxyl treatment leads to the formation of MHC/MLC heterodimers via disulfide bridges, thus increasing cardiac contractility; likewise, nitroxyl treatment forms actin/ tropomyosin heterodimers via actin Cys 257 and tropomyosin Cys 190 (Gao et al. 2012) . In contrast to the many beneficial effects on myocardial contractile function shown by nitroxyl (Gao et al. 2012; Sabbah et al. 2013; Arcaro et al. 2014) . Increased peroxynitrite production also induces MLC1 nitration/nitrosylation, leading to its increased degradation by the proteolytic enzyme MMP-2. This in turn suppresses cardiomyocyte contractility during either reoxygenation or reperfusion (Doroszko et al. 2010; Polewicz et al. 2011) . Both the MLC1 and MLC2 isoforms are subject to tyrosine nitration and cysteine S-nitrosylation in cardiac models of oxidative stress: MLC1 is S-nitrosylated at . These changes promoted degradation of both isoforms by MMP-2 (Doroszko et al. 2009 (Doroszko et al. , 2010 Polewicz et al. 2011) . It has been consistently demonstrated that inhibition of MMP-2 and nitration/nitrosylation of MLC1 attenuates ischemia/ reperfusion injury and prevents MLC1 degradation in isolated rat hearts. These findings may suggest a pathological association of MLC tyrosine nitration in ischemia/reperfusion and hypoxia-reoxygenation.
Cardiac myosin binding protein C (cMyBP-C), a known regulator of sarcomeric structure and myocardial contractility, is a thick filament assembly protein that interacts with both myosin and titin to regulate the cross-linkages of myosin in the A-band region of the sarcomere (Sadayappan and de Tombe 2012) . cMyBP-C was found to be S-glutathionylated at Cys 479 , Cys
627
, and Cys 655 of the C3, C4, and C5 domains of MyBP-C in a desoxycorticosterone acetate (DOCA)-salt hypertensive mouse model (Lovelock et al. 2012; Jeong et al. 2013; Patel et al. 2013 ). These mice exhibited high oxidative stress associated with myocytes and diastolic abnormalities, but no changes in cellular Ca 2+ -fluxes were seen (Lovelock et al. 2012 ). Depression of S-glutathionylation in cMyBP-C ameliorates diastolic dysfunction as it reverts in the slow cross-bridge turnover kinetics (Jeong et al. 2013) , indicative of a strong correlation between S-glutathionylation and diastolic dysfunction. The S-glutathionylation of cMyBP-C has been implicated in increased myofilament Ca 2+ -sensitivity, thus suggesting the involvement of S-glutathionylation of cMyBP-C in the maintenance of longitudinal rigidity and cross-bridge kinetics . In addition, carbonylation of cMyBP-C limited its function associated with its actin-binding properties (Aryal et al. 2014) , which may affect the sarcomeric assembly and contractility of cardiac muscle. Therefore, in addition to the well-established phosphorylation of cMyBP-C with its recognized effects on cMyBP-C function (Cazorla et al. 2006; Tong et al. 2008; Sadayappan et al. 2009 ) the role and therapeutic implications of redox-related posttranslational modifications should now be considered, in particular in hypertrophic cardiomyopathy.
Taken together, the above findings, oxidative modifications of thin and thick filament proteins, play crucial roles in sarcomere contraction. The S-glutathionylation of troponin I and cMyBP-C increases Ca 2+ sensitivity, while the formation of the heterodimers TnI/actin and MHC/MLC upon nitroxyl treatment greatly increases myofilament responses to Ca 2+ , without affecting diastolic Ca 2+ levels.
Sarcomeric proteins: Elastic filaments
Titin is the largest protein in mammals and spans half a sarcomere from the Z-disk to the M-band. Its human variant is encoded by a single gene consisting of 363 exons, which encodes a protein of 34,350 amino acids with a molecular weight of up to 3800 kDa (Bang et al. 2001) . Titin functions as the molecular spring that imparts passive elasticity to muscle. Structurally, titin is composed of 244 individually-folded protein domains that are connected via unstructured peptide sequences . The folded protein domains unfold when the protein is stretched and refold when tension is removed (Minajeva et al. 2001) . Titin alters LV diastolic passive stiffness at physiological sarcomere lengths (SL) and can be modified through isoform switching. Two isoforms of titin are present in adult cardiac muscle: the compliant and longer N2BA isoform, and the stiffer and shorter N2B isoform (Fig. 4 ) . The isoforms differ in their I-band segment, which is the only extensible region of titin. Both cardiac N2BA and N2B consist of four distinct elements: (1) proximal tandem Ig-domains (Ig 1-15), (2) distal tandem Ig-domains (Ig 84-105), (3) a springlike N2B element, and (4) a spring-like PEVK region that is rich in proline, glutamate, valine and lysine. N2BA titin also contains a middle tandem Ig segment with a variable number of Ig-domains, together with an N2A spring element. Another difference is in the PEVK segment, relatively short in the N2B isoform, whereas the PEVK region of N2BA titin is much larger (Labeit and Kolmerer 1995; Bang et al. 2001) . Because N2BA titin is more compliant than the stiffer N2B isoform, a higher relative proportion of N2B leads to an increase in passive stiffness.
Healthy adult human hearts express only ≈30% N2BA, compared to ≈70% N2B (Neagoe et al. 2002) , this ratio is altered in several cardiac diseases. Higher expression levels of the complaint N2BA titin isoform have been observed in end-stage heart failure with eccentrically remodeled explanted hearts from ischemic cardiomyopathy (Neagoe et al. 2002) or dilated cardiomyopathy (Makarenko et al. 2004 ). An   Fig. 4 The effect of oxidative stress on titin-based passive stiffness. The top panel illustrates the different segments of the titin chain (N2BA and N2B isoforms) in a half-sarcomere and illustrates oxidative damage in several regions of titin. a Titin-based passive tension in the heart can be tuned by phosphorylation of the titin spring elements N2-Bus and PEVK by the following kinases: protein kinase-A (PKA); protein kinase-G (PKG); protein kinase-Cα (PKCα); extracellular signalregulated kinase 2 (ERK2); Ca 2+ / calmodulin-dependent protein kinase-IIδ (CaMKII). b Schematic illustration of increased titin-based passive stiffness due to reduced PKGdependent phosphorylation of the titin N2-Bus element in failing human hearts due to oxidative stress. c Under oxidizing conditions, disulfide bonds in the titin N2-Bus are promoted, thus increasing titin-based passive stiffness. d. Under oxidative conditions, S-glutathionylation of cysteines in unfolded titin immunoglobulin (Ig)-domains (due to sarcomere stretch) inhibits domain refolding and thereby reduces titin stiffness. Under oxidative conditions, phosphorylation of Ig-domains and S-glutathionylation of cysteines may or may not inhibit domain refolding. The effect of these modifications together is unknown increased N2BA/N2B isoform ratio was also accompanied by decreased myofibrillar passive stiffness (these patients had the least diastolic dysfunction). Overall, these studies suggested that the switching of titin isoforms to the more complaint isoform might serve as a compensatory mechanism initiated in a globally stiffened 'fibrotic' environment; thus, the contribution of titin to total myocardial passive stiffness decreases as the contribution made by collagen increases. In contrast, a decreased N2BA/N2B ratio was observed in a study of endomyocardial biopsies from HFpEF patients versus HFrEF patients (van Heerebeek et al. 2006) . Similarly, a modest decrease in the proportion of N2BA titin was seen in an old dog model of hypertrophy-associated early HFpEF (Bishu et al. 2011 , Hamdani et al. 2013a . This model shows signs of diastolic dysfunction similar to those frequently seen in elderly HFpEF patients: impaired LV relaxation, unaltered coefficient of LV diastolic stiffness and reduced diastolic capacitance, together with elevated natriuretic peptides, normal LV volume but increased LV mass and moderated myocardial fibrosis. However, distinct results have been found in aortic stenosis patients, with either a switch to N2B (Williams et al. 2009 ) or a switch to N2BA (Borbély et al. 2009b ) compared to a donor (non-failing hearts) group. In another variant of heart disease, hypertrophic cardiomyopathy (Chaturvedi et al. 2010) , the cardiac titin isoform did not change compared to donor groups. Thus, the co-expression of titin isoforms provides a structural basis for myofibrillar elastic diversity in different vertebrate species and is one of the mechanisms that regulate myocardial passive stiffness. In addition to the longterm changes in isoform ratio that accompany chronic disease and influence passive stiffness, these studies also suggested that increased passive stiffness in HF can arise due to alterations in post-translational modifications of titin, which thus play a prominent role in the modulation of passive stiffness.
Post-translational modifications of titin represent a rapid mechanism to alter tension and are therefore likely to be important in the dynamic modulation of diastolic stiffness. Previous studies have shown that HF and HFpEF are both characterized by a titin phosphorylation deficit (Borbély et al. 2009b; Bishu et al. 2011; Hamdani et al. 2013b Hamdani et al. , 2014 . Titin can be phosphorylated by a variety of kinases, leading to a range of effects on the passive mechanical properties of the sarcomere. Titin is phosphorylated by PKA at the N2B spring element (Yamasaki et al. 2002; Krüger and Linke 2006; Kötter et al. 2013) (Fig. 4) , which acutely shifts the diastolic length tension relation downward (enhanced compliance) under the influence of β-adrenergic stimulation and may contribute to enhanced filling. As this effect is more striking in HFpEF patients compared to HFrEF and controls, this suggests that a phosphorylation deficit is an important contributor to diastolic stiffness in HFpEF (Hamdani et al. 2013a, b; Borbély et al. 2009b) . PKCα has been shown to induce increased stiffness through phosphorylation of titin at the PEVK region, an effect amplified by pretreatment with protein phosphatase 1 (Hidalgo et al. 2009) (Fig. 4) . In contrast, our studies of PKCα showed no effects in mechanical experiments on skinned cardiomyocytes from either an HFpEF large animal model or from their control group (Hamdani et al. 2013a ). These findings suggested that increased PEVK phosphorylation due to increased PKCα activity in HF might make only a minor contribution to increased passive diastolic stiffness in HFpEF. Another kinase that was recently shown to phosphorylate titin is the extracellular signal-regulated kinase-2 (ERK2), which phosphorylates titin at the N2B spring element, resulting in reduced stiffness (Raskin et al. 2012) (Fig. 4) . We recently identified an additional kinase as a modulator of titin stiffness, calcium calmodulin-dependent kinase II (CaMKII) (Hamdani et al. 2013c) (Fig. 4) . Using mass spectrometry, various CaMKII-dependent phosphosites were detected by in vivo quantitative phosphoproteomics. Sites are located within the extensible region of titin at the N2-Bus and PEVK spring elements, while others are found within the Aband, M-line and Z-disk of titin. CaMKII phosphorylation also leads to reduced cardiomyocyte stiffness (Fig. 4) . In general, the beneficial effects of the phosphorylation of titin by several kinases (with the exception of PKCα) may include a reduction in myocardial diastolic stiffness and an improvement in ventricular filling.
In addition, PKG, when activated by NO or natriuretic peptides, also phosphorylates titin at the N2-Bus Kötter et al. 2013) (Figs. 3, 4) . NO/cGMP/PKG signalling is one of the signalling pathways that is most impaired by oxidative stress and induces hypophosphorylation of titin. PKG-mediated phosphorylation of titin results in reduced titin-based myocardial stiffness in vitro (Borbély et al. 2009b; Hamdani et al. 2013a Hamdani et al. , b, 2014 , and leads to acutely increased cardiac distensibility following short-term cGMPenhancing treatment with sildenafil and B-natriuretic peptide (BNP) in an HFpEF large animal model in vivo (an old, kidney-wrapped hypertensive dog model) (Bishu et al. 2011) . Earlier work demonstrated that phosphorylation of titin by PKA and PKG reduces passive stiffness, suggesting that the chronic phosphorylation deficit observed in HFpEF is most likely due to impaired PKA and PKG signalling. This conclusion is supported by the observation that both PKA and PKG restores the high cardiomyocyte stiffness in HFpEF patients and in large and small animal models of HFpEF (Borbély et al. 2009b; Hamdani et al. 2013a Hamdani et al. , b, 2014 . PKG activity and cGMP concentrations are reduced in the LV myocardium of HFpEF patients (van Heerebeek et al. 2012 ) and in small (Hamdani et al. 2013b ) and large animal (Hamdani et al. 2013a ) models of HFpEF. This in turn resulted from increased myocardial nitrotyrosine levels, indicative of raised obesity-related nitrosative/oxidative stress and low natriuretic peptide levels due to a low LV wall stress caused by concentric LV remodelling (van Heerebeek et al. 2012 ). In addition, insulin treatment of developing rat cardiomyocytes has been shown to increase the phosphorylation of total titin, this effect probably due to insulin-induced activation of a signalling pathway that includes phosphoinositide 3-kinase (PI3K), NO synthase and thereby PKG ). Together, these findings suggested that modulation of titinbased stiffness via cGMP-enhancing therapy could be a useful approach to correcting pathologically elevated LV diastolic stiffness, one of the primary characteristics of HFpEF patients.
Oxidative stress and the consequences for titin-based myocardial stiffness
As a direct effect of oxidative stress-related redox modification of titin, disulfide bonding in the cardiac specific N2-Bus decreases the extensibility of N2B, stiffens the whole titin molecule and increases cardiomyocyte passive tension (Fig. 4) ). The N2-Bus region contains six cysteines, which can form three disulfide bridges under oxidative stress. It has been consistently shown that thioredoxin, an enzyme that catalyses disulfide bond formation and isomerization, reduces the stiffness of isolated human cardiomyofibrils ). Moreover, internal S-S bridges in the N2-Bus may interfere with the (de)phosphorylation of PKG-dependent stiffness adjustment and may influence ligand binding (Linke 2008) , mechanosensing and protein quality control (Sheikh et al. 2008; Linke and Hamdani 2014) .
Another direct oxidative stress-related effect on titin-based stiffness is the S-glutathionylation of cryptic cysteines in the Ig-domains of the elastic I-band region, leading to inhibition of folding and weakening of refolded domains (AlegreCebollada et al. 2014) . It is well established that Ig unfolding controls the elasticity of titin at physiological sarcomere lengths . Although cryptic cysteines remain inert while parent domains remain folded, they become available for redox modification when mechanical forces accelerate the process of unfolding. Interestingly, most of the Ig-domains within the I-band of titin contain cysteines which appear to be buried. Many of these cysteines are clustered, well conserved and have a potential for disulfide bridge formation under oxidative conditions. This is particularly the case for the proximal and middle Ig-domains (Mayans et al. 2001) , while the distal Ig-domains never unfold under physiological conditions (Li et al. 2002) . Predictions suggest that 89 of the 93 Ig-domains within the I-band contain cryptic cysteines (Alegre-Cebollada et al. 2014) . When I-band Ig-domains unfold, the reaction of cryptic cysteines with oxidized glutathione (GSSG) leads to the formation of S-glutathionylation, which greatly weakens the mechanical properties of the Igdomain as well as its ability to refold (Fig. 4) . This result was obtained for I91 (nomenclature Bang et al. 2001 ; also known as I27), an Ig-domain at the distal I-band that harbours two buried cysteines. In addition, incubation of single-skinned human cardiomyocytes with GSSG under supraphysiological stretch conditions decreased passive stiffness, and this was consistently reversible upon treatment with reduced glutathione (GSH) (Alegre-Cebollada et al. 2014) . In summary, these results revealed a novel mechanism which suggests that the regulation of titin elasticity is controlled by the mechanical unfolding of its Ig-domains during oxidative stress.
Another deleterious effect of chronic oxidative stress is its potential to disturb protein structure and induce protein misfolding. Correct protein folding is an essential aspect of protein function in all organisms, and mechanisms exist to ensure correct protein folding and prevent misfolding. During synthesis proteins translocate into the endoplasmic reticulum (ER), which contains HSPs that function as molecular chaperones. The binding of HSPs enables correctly folded proteins to be distinguished from those that are misfolded. Misfolded proteins are then ubiquitinated and degraded in the cytoplasm by proteasomes. Via this mechanism, molecular chaperones prevent the aggregation of thermally-damaged proteins, mediate unfolding of aggregated proteins, and refold damaged proteins, or, alternatively, target them for efficient degradation Bullard et al. 2004; Kötter et al. 2014) . Any abnormalities of the chaperones or of the other machinery that regulate polypeptide conformation can contribute to misfolding and aggregation diseases (Saibil 2008) . Age and oxidative stress have been firmly linked to a decreased efficiency of molecular chaperones and responses to unfolded proteins (Morimoto 1998; Ahn and Thiele 2003) . Misfolded proteins lose their normal functional structure, which can accelerate formation of toxic proteins including oligomers or larger aggregates. Protein aggregates are thought to contribute to pathologies commonly observed in neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis and many others. These aggregates may sequester components of the chaperone and degradation systems and thereby reduce their activity (Jiang and Chang 2007) . As HSP70 and other heat-inducible chaperones reduce oxidative stress (Kalmar and Greensmith 2009), impairments in heat shock responses may enhance oxidative stress and thereby contribute to the augmented cell death (Burdon et al. 1987; Skibba et al. 1991; McAnulty et al. 2005) . Misfolded, dysfunctional proteins have also been shown to be more susceptible to carbonylation compared to their native forms. Rather than dysfunction due to carbonylation and consequent misfolding (DalleDonne et al. 2003b) , it has been suggested that carbonylation, as an irreversible protein modification, may act as a tagging system for the degradation of an irreparable protein by the proteasomal system (Dukan et al. 2000; Ballesteros et al. 2001 ). In the heart, α-B-crystallin and HSP27 are induced during ischemic injury, heat stress, or end-stage failure (Martin et al. 1997; Benjamin and McMillan 1998; Knowlton et al. 1998; Yoshida et al. 1999; Dohke et al. 2006) . Small HSPs are induced in both myopathic skeletal (Kley et al. 2012 ) and normal muscles after intense exercise (Paulsen et al. 2009 ) and during aging (Doran et al. 2007) . HSP27 has been shown to preserve cytoskeletal architecture (Mounier and Arrigo 2002) and to play roles in the resistance to oxidative (Huot et al. 1996; Dalle-Donne et al. 2001) , thermal and ischemic stress (Vander Heide 2002; Hollander et al. 2004) , and to participate in the regulation of cellular redox states (Arrigo 2001 ) which in turn prevent apoptosis (Mehlen et al. 1996) and correlate with hypoxia (Martin et al. 1997) . Since sHSPs are induced during ischemia, acidic stress is a potential trigger. Acidosis has been shown to promote the aggregation of many sHSP, but also to protect against aggregations at low pH (Bennardini et al. 1992; Barbato et al. 1996) . It was recently reported that HSP27 or αB-crystallin preferentially translocate under stress conditions to I-band titin springs in both cardiac and skeletal muscles (Bullard et al. 2004 Kötter et al. 2014 ). The unfolded Ig-domains appear to be better protected against aggregation by HSP27 or αB-crystallin (Kötter et al. 2014) , thus reducing myocyte stiffness. Collectively, these data show that multiple stress signals, and in particular oxidative and heat stress, develop in cells under redox challenge and lead to alterations in cellular behaviour and responses.
Titin as a potential biomarker in Chagas' disease
Increased oxidative/nitrosative/inflammatory stress and inefficient antioxidant capacity has been shown to be associated with Chagas' disease (Rassi et al. 2010) . Chagas' disease is a chronic parasitic disease of the heart caused by Trypanosoma cruzi. This disease is characterized by cardiomegaly, ventricular dilation and arrhythmia, leading to HF (Rassi et al. 2010) . The antioxidant/oxidant imbalance was evident from increased plasma levels of glutathione disulfide and malonyldialdehyde (Wen et al. 2006a) , and decreased levels of glutathione (Wen et al. 2006a; de Oliveira et al. 2007 ) and glutathione peroxidise (Pérez-Fuentes et al. 2003; de Oliveira et al. 2007 ). In addition, increased levels of phospholipid oxidation products, protein carbonylation, and a heightened glutathione antioxidant defence (Wen et al. 2004 ) have been shown to associate with oxidative overload in Chagas' disease (Wen et al. 2006b ). Nitrated peptides derived from titin and actin are found in the plasma of patients with Chagas' disease, and may be useful as biomarkers for the disease (Dhiman et al. 2008) . In an experimental setting, oxidation of recombinant titin and actin enhanced their immunogenicity and recognition by sera antibodies from chagasic rats and patients (Dhiman et al. 2012) . Treatment with antioxidants (phenylbutylnitrone, vitamin C, and vitamin E) also consistently attenuated oxidative effects in mice (Wen et al. 2006b ) and patients with Chagas' disease (Maçao et al. 2007 ).
The impact of oxidative stress on the active processes of myocardial relaxation
The diastolic properties of the LV are determined not only by passive distensibility but also by the active processes of myocardial relaxation. This includes mechanisms involved in diastolic Ca 2+ sequestration and; abnormalities of this mechanism associates with impaired LV relaxation . Under normal conditions, the sarcoplasmic reticulum (SR) is the main Ca 2+ storage organelle in humans (Ai et al. 2005; Guo et al. 2006) . The Ca 2+ concentration within the SR is determined by the delicate balance between Ca 2+ release through the RyRs and Ca 2+ uptake via SERCA (Periasamy and Janssen 2008) . Ca 2+ is central to a number of cellular functions and impairment of membrane Ca 2+ transport has serious deleterious effects, including muscle injury (Zalk et al. 2007; Murphy et al. 2008; Durham et al. 2008; Bellinger et al. 2009; González et al. 2010b; Andersson et al. 2011) . Muscle force generation initiates with the rise in cytoplasmic free Ca 2+ concentration, whereas the removal of Ca 2+ imparts a state of relaxation. Force generation is produced via the cyclic interaction between actin and myosin filaments. This interaction is controlled by the tropomyosin-troponin complex bound to the actin filament (Canton et al. 2006; Chen and Ogut 2006; Horwitz et al. 1979) . All mechanisms that regulate Ca 2+ in skeletal and cardiac muscles are known to be susceptible to oxidative stress produced by organic free radicals and ROS (Comporti 1989) . Increased intracellular Ca 2+ is associated with oxidative damage to muscle (Zalk et al. 2007; Durham et al. 2008; Bellinger et al. 2009; Andersson et al. 2011) while the sodium-calcium exchanger is known to contribute to increased intracellular Ca 2+ loading during Na + accumulation (Louch et al. 2010 ). In addition, oxidative posttranslational modifications and Ca 2+ mishandling have been shown to be associated with diastolic dysfunction .
Alterations of the myoplasmic Ca 2+ levels during oxidative stress Calcium and redox signalling cascades are important modulators of cellular function, and concomitant increases in Ca 2+ influx and oxidative stress are associated with vascular diseases including hypertension, stroke, and atherosclerosis (Nieves-Cintron et al. 2008; Touyz 2000) .
Functional changes in Ca 2+ handling have often been linked to post-translational modifications of Ca 2+ signalling proteins. While recent evidence indicates a role for oxidative and nitrosative regulation of the Ca 2+ -sensitive proteome in excitation-contraction (EC) coupling, only phosphorylation is the best-established therapeutic target (Haycock et al. 1996; Posterino and Lamb 1996; Gao et al. 1996; Disatnik et al. 1998; Duncan et al. 2005; Dai et al. 2007; Ullrich et al. 2009; Canton et al. 2014) .
Changes in intracellular Ca 2+ cycling that are either causal or adaptive have been observed in different models of cardiac disease, including several forms of HF (Zalk et al. 2007; Murphy et al. 2008; Durham et al. 2008; Bellinger et al. 2009; González et al. 2010b; Andersson et al. 2011) . Abnormalities in EC coupling components trigger and/or aggravate contractile dysfunction and growing evidence suggests an important role for redox modifications of key signalling components of EC coupling (Haycock et al. 1996; Posterino and Lamb 1996; Gao et al. 1996; Disatnik et al. 1998; Duncan et al. 2005; Dai et al. 2007; Ullrich et al. 2009; Canton et al. 2014) . The redox modification of protein kinase activity and direct effects on channels and ion transporters are well-known effects of ROS on ECC (Wagner et al. 2013 (Viola et al. 2007; Tang et al. 2011) . H 2 O 2 has been reported to be involved in the elevation of intracellular calcium concentration in a variety of cell types (Hu et al. 1998; KrippeitDrews et al. 1999; Redondo et al. 2004) . Studies has been suggested that endogenous ROS could serve as an agonist to reinforce the calcium signaling in neutrophils by a positive feedback (Heiner et al. 2003) , based on the correlation between an augmented production of H 2 O 2 in primed neutrophils and an enhanced calcium entry. Studies in isolated arterial smooth muscle cells showed that H 2 O 2 -dependent Ca 2+ influx through L-type Ca 2+ channels (Nathan and Gregory, 2012) .
β-adrenergic activation via protein kinase A (PKA)-mediated phosphorylation targets several proteins involved in Ca 2+ -handling, including the LTCC, SERCA, RyR, and myofilament proteins, such as troponin I and myosin binding protein C . PKA can also be redox-activated through the formation of an inter-disulfide bond between its catalytic subunits (Brennan et al. 2006) . A similar mechanism of redox activation has been reported for PKG (Burgoyne et al. 2007 ). Whether oxidative PKA and PKG activation has any functional consequences in cardiomyocytes remains to be investigated. Prominent examples are the RyRs, which can be modified upon oxidation, S-nitrosation and Sglutathionylation (Wehrens et al. 2005; Meissner 2010; Niggli et al. 2013) .The RyRs are known to be sensitive to redox modifications: tetrameric RyR2 contains 364 cysteines, 84 of which have free thiol groups that can be S-nitrosylated (González et al. 2008 ) glutathionylated (Sánchez et al. 2005) .
Similarly, SERCA also undergoes redox modifications. SERCA2a activity is depressed in several pathological conditions associated with increased oxidative and nitrosative stress, such as atherosclerosis (Cohen and Adachi 2006) , metabolic syndrome (Balderas-Villalobos et al. 2013) , or diabetes mellitus (Shao et al. 2011 ). This results from the irreversible oxidative modifications of cysteines and other aminoacids. Sglutathionylation of SERCA at Cys674 increases its activity, accelerates Ca 2+ uptake, and associates with NO-induced arterial and vascular smooth muscle relaxation (Cohen and Adachi 2006; Adachi et al. 2007 ). The spontaneous reversibility of S-glutathionylation of SERCA suggests that this modification represents a physiological switch (Adachi et al. 2004 ). Interestingly, oxidative stress was found to cause an irreversible oxidation of Cys674 to sulfonic acid, thus impairing NOinduced relaxation through the prevention of reversible Sglutathionylation and activation of SERCA in diseased muscles (Cohen and Adachi 2006; Adachi et al. 2007 ). Similar findings were observed in a study in which oxidative stress decreased activity of SERCA via oxidative modifications of Cys674 and Tyr294/295 (Qin et al. 2014) . Taken together, these findings suggest that reduced activity of SERCA due to oxidative stress and the simultaneously increased activity of RyR2 and LTCC could result in diastolic Ca 2+ overload, which might in turn lead to slow myocyte relaxation and diastolic dysfunction.
In HF, RyR2 shows diminished levels of S-nitrosylation and associates with increased channel activity (Xu et al. 1998; Donoso et al. 2000; Eu et al. 2000) and disturbed calcium handling and impaired contractility, in spontaneous hypertensive-HF rats (SHHF) (González et al. 2010b) . In a canine model of HF, oxidation of RyR2 causes diastolic Ca 2+ leakage, an effect that could be partially reversed upon treatment with reducing agents (Terentyev et al. 2008 ). Hyperphosphorylation of RyR2 at serines 2809 (Wehrens et al. 2006 ) and 2815 (Ai et al. 2005; Guo et al. 2006 ) has been proposed to be involved in increased SR leakage and increased activity of RyR2. However, in the latter studies the degree of serine 2809 phosphorylation in SHHF was unchanged, suggesting that excess S-nitrosylation levels may play an important role in increasing the open probability of RyRs, which in turn increases channel activity (leakage). The S-nitrosative modification of cysteines on the RyRs may occur via conversion of NO to peroxynitrite after a chemical reaction with O 2
•-
. NO activates guanylyl cyclase to produce cGMP, a second messenger with multiple targets in the heart, including PKG and proteins directly involved in intracellular Ca 2+ homeostasis (Hammond and Balligand 2012) (Fig. 3) .
Contribution of oxidative stress to pathology in muscular dystrophy
Duchenne muscular dystrophy (DMD) is the most common and devastating type of muscular dystrophy. An important pathomechanism is thought to be oxidative stress, which may have a major impact on dystrophic cardiomyopathy. More broadly, elevated oxidative stress could potentially contribute to the damage and weakness of respiratory and limb skeletal muscles, and possibly to the fibrosis observed in DMD. The mdx mouse, which carries a mutation in the dystrophin gene, is a commonly used model for human DMD (Disatnik et al. 1998; Tkatchenko et al. 2000; Hartel et al. 2001) . The diaphragm muscle in the mdx mouse is highly susceptible to oxidative stress and shows a disease progression similar to human DMD (Disatnik et al. 1998; Tkatchenko et al. 2000; Hartel et al. 2001) . The damage observed in dystrophic cardiomyopathy is mainly caused by abnormalities of Ca 2+ signalling, particularly in the early stages of disease (Jung et al. 2007; Prosser et al. 2011) . Antioxidant interventions with N-acetylcysteine in mdx mice consistently reduced ROS levels, normalized intracellular Ca 2+ levels, improved myofilament function and reduced cardiac inflammation and fibrosis (Williams and Allen 2007) . The major source of ROS in dystrophic cardiac tissue seems to be NOX. NOX is upregulated in the mdx mouse, and thus a likely contributor to oxidative stress and the DMD pathology (Williams and Allen 2007; Spurney et al. 2008; Whitehead et al. 2008) . Inhibition of NAD(P)H oxidase protected against delayed muscle development and apoptosis through reduced ROS production (Williams and Allen 2007; Whitehead et al. 2008) . In addition, a stretch-induced increase in ROS production was completely abolished in the NOX2 knockout mice. The increased intracellular Ca 2+ response to mechanical challenge and hypersensitivity of EC coupling were normalized by both ROS scavengers and NOX inhibitors blockers (Jung et al. 2007; Ullrich et al. 2009; Prosser et al. 2011) . Taken together, and based on fact that ROS production occurs in the sarcolemmal and ttubule membranes in close proximity to NOX2, thus sensitising nearby RyRs in the SR, this may suggest that oxidation of RyRs is an early post-translational modification event in dystrophy.
Reduced NO synthase activity in dystrophy may downregulates cGMP signalling pathways. Dystrophic mdx mice with overexpression of guanylyl cyclase consistently show improved cellular integrity, myocardial contractility and energy metabolism (Khairallah et al. 2008) . A similarly beneficial effect on cardiac function resulted from treatment of mdx mice with the phosphodiesterase 5 inhibitor sildenafil (Adamo et al. 2010; Percival et al. 2012) . Taken together, these findings point to alterations in NO signalling as key contributors to cardiac dystrophy and suggest that the reversal of this redox imbalance might have important pathophysiologic and therapeutic implications.
Cross-talk oxidation and other post-translational modifications within the cell Oxidation may also influence other post-translational modifications such as phosphorylation, acetylation, ubiquitination, and others. This interplay between different posttranslational modifications may represent a complex regulatory network and a broad system that regulates the cell. Oxidative stress typically increases phosphorylation by stimulating protein kinases or inhibiting protein phosphatases (PP) (Meng et al. 2002) . A redox-sensitive cysteine found in protein tyrosine phosphatases is highly susceptible to ROS-dependent inactivation, resulting in increased protein tyrosine phosphorylation. Oxidative stress also inactivates the serine/threonine phosphatase calcineurin (Namgaladze et al. 2002) . Redox regulation of calcineurin may have an important role in transcriptional programs that regulate cardiac hypertrophy. However, it may not have a direct effect on myofilament proteins, since myofilament protein phosphorylation was reported to be preserved in transgenic mouse models with altered calcineurin activity (Wilkins and Molkentin 2002) . However, hypophosphorylation of several myofilament proteins has been attributed to PP1 and 2A (Ke et al. 2004; Humphries et al. 2002; Wu and Solaro 2007) . Oxidative stress activates stress kinases, such as several PKC isoforms, PKD, CaMKII and P38 mitogen-activated protein kinases and inactivate PP1 and/or PP2A activity (Jin Jung et al. 2013) .
Another intriguing possibility is that phosphorylation of Igdomains may interfere with S-glutathionylation. Proteomic technologies identified novel phosphorylation sites within the I-band Ig-domains (Hamdani et al. 2013c) , although the functional role of this phosphorylation has yet to be established. Theoretically, the phosphorylation of stretched Ig-domains may prevent further S-glutathionylation by blocking cryptic cysteines, facilitating the refolding of these Ig-domains, or, alternatively, phosphorylation itself could disturb the refolding of stretched Ig-domains. Equally, phosphorylation may actually stabilize the conformation of folded Igdomains, resulting in a lower rate of unfolding and increased passive stiffness (Fig. 4) . In summary, the contribution of titinbased passive stiffness upon oxidative stress is highly regulated via a variety of pathways. However, much still remains unknown regarding underlying mechanisms and their diverse interactions.
Conclusion and therapeutic approaches
In conclusion, recent evidence suggests that the contribution of intrinsic cardiac myocyte stiffness to diastolic dysfunction is a promising therapeutic target for HF with diastolic abnormalities, and that oxidative/nitrosative stress-related modifications of several proteins have a major impact on these abnormalities. These findings highlight important mechanisms that may occur in vivo during preload and increased oxidative stress in HFpEF patients. Targeting underlying inflammation, oxidative stress, and agerelated stiffness dysfunction may prove to be particularly effective in HFpEF. Nitroxyl donors, such as the newly formulated compound 1-nitrosocyclohexyl acetate (NCA), may have therapeutic benefits in HF due to a direct action of nitroxyl on myofilaments, SERCA2a, and the RyR2, which have overall positive inotropic and lusitropic effects on the heart. Whether nitroxyl donors are beneficial in treating HFpEF still needs to be assessed. On other hand, NO and inhibitors of cGMPdegrading enzymes, some of which are currently approved for treatment of pulmonary arterial hypertension, increase PKG and consequently increase cardiac muscle relaxation through troponin I and titin mediated-PKG phosphorylation . In addition to these effects, NO signalling also has anti-fibrotic, anti-hypertrophic, and anti-adrenergic actions that oppose adverse cardiac remodelling and thus serve as potential therapeutic strategies for HFpEF. Furthermore, BH4 and eNO synthase activators could be useful in reducing diastolic dysfunction, since the DOCA-salt mouse model is associated with BH4 depletion and uncoupled NO synthase activity, and BH4 administration consistently reduced DOCA-salt-associated MyBP-C glutathionylation and diastolic dysfunction (Lovelock et al. 2012; Jeong et al. 2013; Patel et al. 2013) . A successful therapeutic strategy for HFpEF must focus on selecting more consistent patient populations to control for the impact of comorbidities. Body mass index, smoking, and atrial fibrillation have been identified as traditional risk factors that predict new onset HFpEF; these factors can be important in the prevention and treatment of HFpEF. Finally, aging is associated with increased MMPs levels and increases in MMP-9 in particular, which subsequently leads to diastolic dysfunction. MMP-9 deletion has been shown to attenuate this effect through regulation of the ECM. Selective inhibition of MMP-9 could therefore be a possible avenue for HFpEF treatment.
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